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Introduction
Brief overview, non-linear optics correction methods
IR bump correction method — theory

general formulation, valid to all orders
examples: normal and skew sextupole and octupole

IR bump corrections — experience in operations

experimental set-up, machine preparation

results for sextupole, skew sextupole, octupole and
higher-orders

validation: lifetime, dynamic aperture

Conclusions and outlook
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Non-linear optics corrections: motivation

Limitations collider dynamic aperture (->beam lifetime)
= Non-linear effects from magnets, in collision from IR magnets
= Beam-beam (in collision)

Correction of non-linear optics errors-> aperture, lifetime,
‘cleaner’ operations (i.e. steering bumps closure)

Operation experience in RHIC:

= Measured effect on lifetime — correctors on/off

= Measured dynamic aperture — correctors on/off

S* squeeze from 1m to 0.85m during beams studies (Run-4), made
operational during the Cu-Cu operations (Run-5) this year

Future potential: with e-cooling >reduced ¢ ->dynamic g*
squeeze to 0.5m - extra ~50% increase in luminosity
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Nonlinear optics correction methods

‘dead-reckoning’ ‘beam-based’
compensate for known or measured Use beam measurements to correct
errors for unknown errors
Examples: Examples:
= action-kick minimization (Wes) : order = |R bumps method (Koutchouk, Pilat,
by-order prescription, minimize action Ptitsyn, Luo): measure and fit tunes
kick from IR error terms dependence from IR orbit bumps

. . = Frequency analysis (Schmidt,
= driving terms compensation (Farthouk) Tomas, Bartolini,...): harmonic

needs 2 knobs for each multipole to analysis (interpolated FFT’s:

cancel driving terms of selected 1/N->1/N2) of BPM turn-by-turn
resonances data, resonance driving terms

resonance driving terms compensation - global correction
local orbit bumps = localized correction (IR’ s)
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IR bump method — general formulation

Local orbit distortion in a region with non-linear field-> feed-down effects to

lower order harmonics

Feed-down to O (closed orbit) and
Effect o size of orbit excursion (IR 3-bump. A

1st order (t

ines) most useful (measurable)

bump

amplitude at the bump center

Tune shift: from feed-down to gradient, or from linear coupling
Tune shift AQ and linear coupling term Ac as a function of bump planes and

multipoles:
AD(H , rorm) = g(b,_.x_) ) . I Zh
AQ(V skew . even) = 1" g(a,.¥,,) E\CuZe0 ) = —1_3 I FeBie, “‘; as
Ac(V,norm,even) = -1V P2 h(5 v )
AQW . norm,odd) = -1 g .y, ) | B(C,.2,)= —— | JB.B, BNC,, eV ds
Ac(H . skew) = h(a,.x,.) 2 E*‘
Ac(V,skew odd) = 1" % h(a .y, )
Bump | &2 | g2 | &2 | ds | &2 | & | & || o, +Acf 14AQ, <<AQ
H | A0 | 4 | 40 | A | 40 | 4 | A0
V A | A0 | A0 | 4 A | a0 | a0 Condition for tune shift from
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IR bump method — order by order

We demonstrated that order-by —order the IR bump method is equivalent to
the compensation of the relevant resonance driving terms
(assumption that phase advance in triplets is ~0 and between triplets is x)

Normal sextupole  total tune shift from sextupoles in a IR region:

Ay
. AQ, (D) ko5 ds = 3 gk B3ds) - ——1=
Horizontal IR bump f — — 1z B,°
2 sextupole correctors | Ay
AQ (O kB2 Bds - ok B2 B,ds) PPYIiE
Skew sextupole total tune shift from skew sextupoles in a IR region:

’ 1 I3 I o -
Vertical IR bump e =Qz@ﬁﬁx-yﬂoﬁ$mlTﬁt} g, ﬁl s — ;_fﬂkz 8, ﬁl '5:“35' 2551—;2

2 skew sextupole

correctors AQ, = _4_2@ Boyds oo (3 oy, B — S gk, £ Aﬁ;ﬁg
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IR bump method — order by order

Normal octupole total tune shift from octupoles in a IR region:
e . A
. _ A = —N B ds ey k?ﬁfcis+z k, Bids | id
Horizontal and vertical 5 — = y 875,

) 2
IR bumps needed 7O, = LSk g ds (S kB Bds+ S Lk, B fds| 2o
¥ Bﬂ_.r_.' yoea i AT i A0 ¥ Bﬁﬁ

A

Minimum of 3 octupole
correctors/IR needed

’ 1 VL
A0, =%z%ﬁ”‘yi’ﬂiﬁmI.ELkEﬁxﬁde+zgk3ﬁxﬁyﬂigISFT:;EP

»

)
re _sz3ﬁyyfacis oo —(Y g Blds+ ok, fids Loy
ST

8 ﬁw

Skew octupole

total tune shift from skew octupoles in a IR region:
Horizontal + vertical

(diagonal) bump needed |5, =4i2ﬁaﬁxxmymc$leﬂﬁ’gﬁiﬂcmZﬁﬁ%”ctl4 ﬁ%f
i iy
2 skew octupole ‘

Correctors/IR needed A0, :_ﬁi_f s B 0| 3 oy A2 B+ Y s A g%'amﬁ?ﬁ”
. A
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RHIC IR’s

layout

—i—l--l—+

CRL103 CRRILO7 CRIl12
¥ib-th3 ¥ibgs3 Fie-tv2
yite=nl yit-sms3 Fic-oold
¥ioocld || wid-ocls3 »io-dec?
yi@dnﬂ yisd;nss yie-dod?
- yio-qf3 | yio-gfl
QRJ 120 QRLI23
&,
B g
¥it-gd2
QEKI1LS
beud-qf2
QEK112

{ botoqds! besd-ga 1
_.' QREIT21: QRLL15

ey | e botrth

b= 3 bes-sas3 bt 2

Bt 3 bess-ocis 3 bot-dec 2

b 3 bexS-dead= 3 bt dicad

CERII1 CRKI111 CRL1O3

bets-dh
DRZ117

IR Correction System

yie-dhi
DRZ110

6 o’clock
(STAR)
i Lo 1
¥ - ¥

1R quadrupole

I 1R dipolke

1R corrector
package

________________

CRI101 CRKI1O1 CRL 101
EiS-1v2 biS-gs3 EiS-1h3
b S-cact2 biS-sas3 E15-5=3
b S-dec? biS-cacis3 Bif-oct3
| s ) BiS-deds 3 EiS-ded
biS-gfl ! biS-gfd .
QRLI21 PQRITIT S

Q1

o I I ¥

biS-qd2.
QRK 108

yuS—q'F?.
QRKI1O3
yoi-dh0
DRZ]CIj t I I I t
: Q3
yoS-qdl | yodi- qu
QRT3 ; QEIT14 &
w5-1h2 _}lnﬁ—qu poS- h-3
;QS—Wi?. yoS-sas3 yoS-sud
yoS-dec? | | yoS-octs3 | |yod-ocli3
yoS-dod? yoS-dods3 | | poS-dod3
CRI102 CRK 102 CRWMIOZ

BROOKHEVEN

NATIONAL LABORATORY

6 o’clock IR

8 o'clock IR:
LDipole correctors
OSkew
quadrupoles
UNonlinear

Other IR’s:
Qdipole correctors
QSkew
quadrupoles
(nonlinear layers
exist but no PS

yet)
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IR bumps: schematics

th

bump across IR
bump over triplet

angle bump W

IR bumps used for correction:

=Bump across the IR: 3 dipole corrector + anti-symmetry of optics
used for operational corrections

=Bump over single triplet: used mostly for tests and studies

=Angle bumps: used for orbit steering in operations
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IR bumps: application

Setup Data Help
[ EHE CALCULATE
BUNMP
2 : : : g
5 : a0 & START
2 = = n BURP
= id351:50 04:52:10 20 §
3 . £
& L Timelsees) Mg =
Horz Bump (1) — —&— wfg,ui7-thS-psiuM (Y2}
—CORRECTORS
— Tune/Bump SLIN Delta
0, BB i e et e e e e e o) B9 1: yi7—ths 0. 000101305
E 0.2301 i AN S b ‘ig'ggg 23 yi7—th3 —0. 000004023
0,205 0.215 3: yo8—th4 —0,000165263
“0-3 -8 76 -5-4-3-2-10 1 2 3 46 6 7 & 3 1
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EEOO} R 8 _'l
T S S R Heewsr:  —
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Plane: Horz —
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@ :
5 0,220 ) -
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0,200+
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04:51:30

gqlLoopTune. yh:tuneh qloopTune .y tunek

XA Coefiicients

Send coefficients to the Ramp Manager ?

Horizontal Coeffs:

0.23027998184 —0_. 00014383678

Vertical Coeffs :

0.22145967196 0.00020662663 —0,00000582425

0. 00001763277 —0.00000053878 —0.00000001344

0,00000187805 —0.00000000271

0. 00000000252

—0.,00000001436

ol Apply

Cancel |
T
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Tune measurements
Phase Lock Loop

245 MHz system

In high-resolution mode
< 5x10°

Data at 100 Hz

Bump time: 60 sec

Orbit data were used
for IR linear coupling
Correction

For sextupole and higher
only tune shift data
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Experimental set-up
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The 2 rings must be longitudinally separated, by at least 3 RF buckets to
avoid beam-beam effects.

Measurements are performed at the beginning of a ramp, when the
transverse emittance is small and with 6 bunches, to avoid risking
magnet quenches in case of accidental beam loss.

The machine must be well decoupled, with coupling corrected to a
minimum tune separation AQ,,;, < 0.002.

The tunes are separated before the measurements by 0.01-0.012 to
further minimize coupling effects.

Good overall orbit correction with horizontal and vertical orbit rms < 1mm,
and good (<2mm) centring of the orbit in the IR triplets, to insure
symmetry during the measurement.

The choice of bump amplitude is a critical one. Large bump amplitude is
desirable to enhance the measured effect but this must be weighted with
practical aperture considerations.

Maximum bump amplitudes of 5mm proved enough to resolve sextupole
effects, 10mm for octupole effects, and 15mm for higher orders.
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Sextupole corrections

IE
sextupole
corrector

Fun-3
d-Au

B* 2m
4500A

Fun-3

p-p

B* 1m
2000A

Fun-4
Au

B* 1lm
4500A

Fun-4
PP

B* 1m
2000A

Run-5
Cu

B* 0.9m
4500A

YoS5-gx3

-0.0014

-0.003

-0.006

-0.001

-0.007

Y16-8x3

+0.004

0.0

+0.003

+0.001

+0.0035

"17-3x3

+0.003

+0.007

+0.0005

+0.001

+0.003
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-0.01

-0.038

0.0

-0.0012

-0.003
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+0.0012
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+0.0011
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+0.0025
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-0.004

-0.003

-0.001

+0.001

-0.005

Bo7-sx3

0.0

-0.003

0.0

-0.007

-0.005

Bi8-sx3

0.0

-0.0005

0.0

+0.002

+0.0025

Local IR coupling correction in place since

Run-1/2

Sextupole IR correction has been part of
machine set-up for Run-4 and Run-5
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— Tune/Bump
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Skew-sextupole

N Before..corr_ect_|_on__._____.é......; ...... 0.2 PO e e
S T T O ..., After correction
0,237 0,202 0:23?0 B B M | B .20z
2358/; - : :

Sextupole corrections in IR8: Cu Run-5 (this year)
Skew sextupole correction (after correction of normal
sextupole). Vertical bump, 2 skew sextupoles
Needed for correction.
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0,004 +: -
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Tune
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Before correction

I S R R T e e e

D00 i oo D Mg o e, v g g

octupole

i), 003
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#0017 TS
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T i) R
0,00 L bbb b

o 40,001

Lo, 0o

Tune

0,004 70

0,003

0,002

0,001

0,000

-0,001

-0, 002

__After correction

On-line polynomial fitting of tune shift vs. bump amplitude data
Example: 2nd order term (octupole) before and after test correction at an

individual triplet.
10mm bump
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Higher-orders

STOL 0010

ERCT=RT o.oo10
-to.cooa
©.0009 o.o009
O O00S
oL 0008 o_oo0s
O L O0OT Y
0L OOOT B - - e i s Ao oooT
-to.coos
. 0006 O OO0E
'FO'OOOE 50005 [Pttt
B EEED ©.0004 o.o004

B e eTe e Q. 0003
O 0002 o nooz o

L0001 aLoooi b e Tt e e e Fioapa 2o, 0001

o, o000 § [ssTelelo R,
-4 -—0.o001 —0, OO0 o © - cAmplitddefmm) - -

1 _o.0o0z2 oL, OOzt e $60000000000000000000000000000000000000000t 00 d I Loo0zZ

oL ooos —0.000F - - - - —0.LO00S
| 0. 0004 —OL OO0 - —O 0o
B : L S I N RS - e
- E g : b, QOGS “BoEEREB == ° —0.000E
oorrf s dodecapole o e et
—OLOn0E L - - —O L OaoE
—0.0008 .- BRI .- .- BRI - .- .- - .- -1 —o.ooos g :
: : : —0.oDOg L - - BRI S S Seie S S - —0.o009
—, 0009 .- .- .- - - - - - - - - - - - - .- - .- oL ooos g
N . —0, 0010 - - - - 1 - —0.0010
o ) ) ) Y.7 d d3 ON 7 ) ) B Y.7 d d3 OFF
ALaopTure - uns cunen w1 TV A
aLoopTune . uhztuned (¥1) ———— hTuns_Fitted (Y1l —— [hmferer G e = Gl
— %  hTuneZorder (Y1} ——#——  hTune3ords— (¥ —— [rcEgelr S K Qerwii=lil D
——  hTunedorder {yi} aLoopTune.uwitunsl (Y22 ToneBeeder Cves ——— oo (v
wTume_Fitted £¥2) —a—  wTuneZorder (V2D Mlunesardsr erder
s uToneSorder (Y2} — &  wTunedorder (Y23

2"d (octupole), 319 (decapole) and 4 (dodecapole) coefficients of
tune shift after linear (sextupole) correction

Needed 15mm IR bump — practical limit at store with present emittance
Of 10-12  mm-mrad and £* of 85mm
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NATI

Dynamic aperture — blue rin
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Bunch intensity
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Comparison of effect based on measured IR magnets data
and beam-based measurements

|dentified sextupole b2 errors in DO magnets (IR separation
Dipoles) as the main source of measured sextupole effect

IR section Measwrement by | Otf-line
IR bump Model
Blue IR.6 -1.1 103 -4.2 10-3
Blue IR8 -2.0 103 -2.4 10-3
Yellow IR6 -3.9 103 -3.6 10-3
Yellow IR8 -0.5 10-3 -2.2 10+
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conclusions

= Beam-based operational corrections have been
demonstrated at RHIC

* |R local coupling and sextupole correction, part of
routine machine set-up

= QOctupole, higher-orders in progress (beam experiments)

= NOT a “critical system” but measured improvements in
lifetime, dynamic aperture, helped in 15% f* squeeze

= The method is equivalent to resonance driving term
compensation — order-by-order — when the error sources
are local (IR)

= Parallel activity on going in deriving non-liner optics
corrections from BPM turn-by-turn analysis techniques
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